Abstract: This paper proposes an unambiguous tracking method based on the optimized combined autocorrelation function (ACF) for the cosine-phased binary offset carrier (cosine-BOC) modulated signals, which are applied in global navigation satellite system (GNSS). The main idea is to generate a specially constructed local reference waveform for cosine-BOC modulated signals, which is equivalent to get a group of samples of the ACF, then the unambiguous combined correlation function is obtained by weighting and adding these samples. Simulations show that the proposed method not only eliminate the ambiguity completely, but also maintains a narrow main-peak to obtain outstanding tracking accuracy performance of the cosine-BOC modulation. Additionally, the proposed method is proven to be with good performance in moderate and long multipath interferences mitigation.
Introduction
In recent years, Global Navigation Satellite Systems (GNSS) have been developing greatly and applying widely. In order to improve multipath mitigation and tracking accuracy performance, binary offset carrier (BOC) modulation [1] was employed in the GNSS receivers and has significant advantages. The BOC signal adopts a subcarrier modulation where pseudo-random code (PRN) is multiplied by a binary-valued square-wave subcarrier. The BOCs (m, n) and BOCc (m, n) are referred to be sine or cosine square wave subcarrier modulation respectively [2] . It is commonly understood that the BOC signals have a narrow main-peak in autocorrelation function (ACF), so it has superior tracking accuracy capability and expresses significant resistance to narrowband interference and multipath than the BPSK modulation on the whole. The mentioned strengths promote BOC modulation technology in wider area, for example in GPS L1M, L2M, Galileo E1PRS, E6PRS, Compass B1A, B3C and other signals. However, there are also some shortcomings in the BOC modulation. On account of multiple side-peaks of the ACF for BOC signals, the reception method for the BPSK signal system cannot be directly used for receiving the BOC signal system. And the ACF of the cosine-BOC is more complex than sine-BOC signal, so the ambiguity of the cosine-BOC signals sometimes is more difficult to remove than sine-BOC signals As a result, a variety of applications for the BOC signal reception system technology have been proposed in recent years. Techniques in [3, 4] simplified the BOC signal spectrum to similar to the BPSK signal, the method was relatively easy to implement. While this method is close to the BPSK signal of the same code rate, it sacrifices the advantages of high accuracy of BOC signals. Paper [5] introduced the tracking architecture named bump-jump (BJ) by Fine, this method adds a group of very early (VE) and very Late (VL) correlators to the traditional tracking loops, comparing to the output of prompt (P) correlator, which is used to judge whether the code tracking loop is locked at main peak. However this method is unreliable under low carrier-to-noise ratio. Moreover, it cannot be applied for high-order BOC modulation signals. According to the autocorrelation side-peak cancellation technique (ASPeCT) which was provided in the paper [6] , the architecture can mitigate ambiguity for BOC signals, but can only eliminate side-peaks for BOCs (n, n) signals. Based on the pseudo correlation function (PCF), the technique which was proposed in the paper [7] mitigates ambiguity well and eliminates all the false lock points completely for common BOC signals on the discriminator output. Nevertheless, the PCF method is more susceptible to multipath interference due to the lack of sharp peaks [8] .
Paper [9] provided an optimizing combined correlation function for BOC signals, which solves the ambiguous problem while keeping high tracking accuracy and good performance in multipath interferences mitigation based on the application of both cosine-BOC and sine-BOC modulated signals, the paper just analyzed the sine-BOC signals. Thus, in this letter，we use the unambiguous tracking architecture based on the concept of optimizing combined correlation functions to solve the ambiguity for the cosine phased BOC modulated signals.
By producing a series of different local reference signals with different delays and correlating with received signals, the output of weighted combination gives a correlation function that completely eliminates the side-peaks, thus achieving non-coherent unambiguous tracking technique for the BOCc(m,n) signals. Then the performances of above several methods are analyzed in this letter.
Cosine-BOC Modulation
Using the terminology from [2, 8] , for BOCc (m, n), M=2m/n is referred to as the BOC modulation order. Regardless of the data bits, according to its definition in paper [9] , the BOCc (m, n) signal can be represented as
where cl denotes the sequence of pseudorandom noise (PRN) code, L represents the PRN code length, and Tc is referred to as the PRN code duration. The is the cosine-BOC spreading symbol and can be expressed as the following form:
(2) where fs is the subcarrier frequency. With the desired correlation characteristics of cl, the ACF of the cosine phased modulated signal can be denoted as the following:
The ACF for BOCc (10, 5 ) is shown in Figure 1 ,which has multiple side-peaks except for one main peak, therefore, the problem of false lock may be brought in code tracking loop because of these multiple side-peaks, then lead to large code tracking deviation.
Receiver Structure and Method Description
In this paper, the proposed technique employs multiple correlators with different time delays, the output of j-th correlator can be rewritten as follows:
where dj refers to the time delay of j-th correlator. The linear combined correlation function of a group of correlators with different delays can be given by
where αj is the linear combination proper weights to be calculated, j=1,2,…, J, dj is delay time position of per element in the ACF.
According to (5) , the linear combination of a group of correlators is equivalent to correlating the received signal with a local linear combined code. Thus, the receiver structure in the proposed method can be replaced by a specially constructed local reference waveform.
The aim in this paper is to calculate the linear combination weights αj, j=1, 2,…, J, and time delay dj, j=1,2,…, J, so that the combined function is unambiguous. Typically, the ideal unambiguous function should satisfy with the following conditions: 1) Without any side-peak in the ideal combined correlation function;
2) The main-peak of the ideal combined correlation function coincides with the main-peak of cosine-BOC autocorrelation function.
Hence, based on the above conditions, the target curves can be depicted in the Figure 1 . Usually, for BOCc (m, n), the ideal cross-correlation function (CCF) can be denoted as follows:
According to (5) and (6), the weights αj can be calculated by minimizing:
For the BOCc(10,5), we selected the time delay , j=1,2,…,J. Similarly, sampling these curves Rcombine (τ) and RIdeal (τ) at time {τi, i=1, 2,…, I} which are equally distributed in [-Tc, Tc]. Where Rcombine is the matrix of the sampling points of the optimizing combined correlation function and can be denoted as (9) . i is the sampling point matrix of the ideal curve and α is the weight vector. (1) (8) is an optimization problem, the weights can be calculated by traditional optimization procedure or Fourier transform method. In this letter, the least square solutions of linear equations is applied to solve this problem. It is should be noted that the weights are constant for BOCc(m,n) signals in despite of complex solution process in the formula (8) . In this way, αj can be obtained by computer and stored at the receiver.
The proposed optimizing combined correlation functions for cosine-BOC tracking loop is shown in Figure 2 . By generating J local reference signals with different delays, then the J outputs are correlated with the received signal respectively. Finally, the optimizing combined correlation function can be obtained by the weighting coefficients according to the previous optimization result. The discriminator can use coherent or non-coherent method. 
Proposed Unambiguous Method Simulation
In this section, the resulting optimized unambiguous combined correlation function curve is simulated for BOCc (10, 5) signals which is used in E6PRS, the thermal noise performance and the corresponding multipath mitigation are also analyzed.
In order to evaluate the effectiveness and capability of the proposed method in this letter, the side-peaks of BOCc (10, 5) signal are eliminated completely in Figure 1 , so the proposed method is unambiguous and effective. Since the numerous experiments in this paper for the BOCc (10, 5) , the number of delay control points J is chosen to be 33 and the number of sampling points I is 33. Generally, we can increase the number of sampling points for better simulation results, which means I=1000.According to the expression (8) , when the number of delay control points J is chosen to be 33, the weight αj can be calculated, and shown in Figure 3 . 
Impact Of Thermal Noise
Generally, the impact of thermal noise cannot be neglected since it is denoted as one of the tracking property criteria. Assuming that only under thermal noise conditions, the code tracking performance can be measured by the code tracking error standard deviation, and the code tracking error standard deviation [10] can be expressed as
(11) where BL represents the single-sided loop filter bandwidth, TP is the integration time, Kv is denoted as the discriminator gain, and σv is referred to as the standard deviation of the discriminator output. Here, the non-coherent early minus late power discriminator is applied in the simulation for BOCc (10, 5) . When BL = 1 Hz, TP = 1 ms, and the early minus late correlator spacing Δ=0.1chips by theoretic and Monte Carlo simulations, the standard deviation of the code tracking errors of the proposed method is shown in Fig.4 . Meanwhile, other tracking methods including the traditional tracking method, PCF method and BPSK-Like method are also illustrated in Figure 4 . From Figure 4 , results demonstrate that the proposed method exhibits outstanding code tracking capability than the PCF method and BPSK-Like method. Although the code tracking error of the traditional method is better than the proposed method, the traditional method is ambiguous.
Multipath Mitigation Performance
In general, the multipath error envelops (MEE) and the running average multipath errors (RAME) are considered as standards to measure multipath mitigation performance of tracking architecture.
The mean values of the absolute in-phase and out-phase multipath error envelopes and their cumulative sum are used to compute the running averages. The amplitude of the multipath signal in simulation is attenuated by 6dB for cosine-BOC(10,5). From the Figure 5 , the proposed method has a better performance at mitigating multipath than the traditional method, PCF method and BPSK-Like method, especially where there are medium and long multipath delays which are completely removed because of the narrow operating range of the optimize combined correlation function curve. In spite of the traditional method and PCF method are superior to the proposed method when the multipath delay is shorter than 0.2 chips, these two methods appear be terrible in moderate and long multipath interferences mitigation.
As is shown in the Figure 6 , simulations indicate that the proposed method has the best performance for the running average multipath error when the multipath delay is longer than 0.3 chips. In other words, the proposed method has superior multipath mitigation performance than the other three methods on the whole. Although, when the multipath delay is shorter than 0.22 chips, the RAME of the proposed method is larger than traditional method and PCF method. However, the other three methods do not seem to be applied in the medium and long multipath delays.
Conclusion
An unambiguous tracking method for cosine-BOC based on the concept of optimizing combined correlation functions is analyzed in the letter. The proposed method can eliminates all the false lock points of the cosine-BOC signal. The tracking and multipath mitigation performances are also analyzed. Simulation results show that both the tracking accuracy and multipath mitigation capability of the proposed method are superior compared to the BPSK Like method, PCF method and traditional method on the whole. 
